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(54) Cl^Wear resistant windows 

(57) The optical properties (absorption, reflection, 
transmitlance. transparency) and physical attributes 
(hardness, friction, durability, etc.) of metal oxides, ni- 
trides, or films that combine these materials can be mod- 
ified by adding fluorine to the deposition mixture. The 
extent of change in properties depends on the amount 
of fluorine Incorporated. Contrary to previous informa- 
tion, the presence of fluorine does not prevent adhesion 
of cverlayers such as hard carbon, hydrogenated car- 
bon, or diamond-like cartxxi. Considering for example 
massive silicon oxynitride hardcoat layers (94) which 
are part of wear resistant composite windows for visible 



spectral applications, preferably fluorine is incorporated 
in a relatively very thin surface-adjacent region or layer 
(94) of the hardcoat on the side thereof on which a car- 
bonaceous layer such a s DLCJs formed. As a result, the 
index of refraction of the very thin surface region is re- 
duced, the surface region can be used as an effective 
interference layer, at}sorption is reduced, reflectance is 
reduced, transmittance and transparency are improved, 
and durability is maintained. These fluorine-modified 
films can be used in many optical designs, including win- 
dows (92) or wear resistant coating for laser scanner 
wirKlows and ophthalmic applications. 
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Description 

The present invention reiates to wear or abrasion resistant windows or composites whicli include optical thin films 
and have visible spectral applications and, in particular, to such windows which include cart)onaceous films. 

5 As used here in reference to the present Invention, the term wear or abrasion resistant window or abrasion resistant 

glass window, refers to a window which is used in applications such as laser bar code scanners and which is transparent 
over applicable portions of the visible spectrum. TTie wear resistant window is a composite which comprises a trans- 
parent substrate of material such as glass or silicon oxide and one or more thin film coatings which enhance physical 
and/or optical properties of the substrate such as durability and transparency for visible radiation. The word "window" 

10 is used here to denote the substrate on which the thin film coating(s) are formed and as a shorthand reference to the 
overall coated substrate composite. Also, "index" is used as shorthand for index of refraction. 

1. Non-Fluorine-Contalning Wear Resistant Glass Window 

IS Wear resistant windows are used in applicatfons such as laser bar-code scanners in point-of-sale (POS) equipment. 

In some applications such as in the POS equipment used in groceries and convenience stores, wear resistant windows 
are subjected to severe mechanical abrasion by rrxwing bottles, cans, and other merchandise. Glass wrindows which 
are or Include ordinary glass typically are quickly scratched beyond usefulness by short periods of use In such an 
environments. Although crystalline or polycrystalline aluminum oxide (sapphire) Is superior in that it is much harder 

20 than glass, sapphire is unsuitable tor most commercial applications because it is extremely expensive. 

High transparency Is essential in laser bar-code scanner windows. Ordinary glass has a refractive Index of 1.52 
and a transmittance of about 92% for the red laser wavelengths which are of primary interest. Sapphire has an Index 
of refraction of about 1 .67 and a transmittance of about 88% over the same range of wavelengths. Coated wear resistant 
windows such as the above product are slightly absorbing, and are less transparent than uncoated glass or uncoated 

2S sapphire. Higher transmission is desirable in some cases in order to consistently meet the transmittance specifications. 
For example, an exemplary minimum transmittance for laser bar code scanner windows is 78% over the 600 - 650 nm 
. (nanometers) portion of the visible spectrum. Under continuous use (i.e., subjected to mechanical abrasion), minimum 
transmittance must be maintained for scanner windows to avoid misreads. Therefore, one must balance transparency 
and resistance to mechanical abrasion in the selection of materials or coatings, to obtain a fully functional product. 

30 Wear resistant window glass coatings are also described In US patents 5. 1 35.808 and 5,268.21 7. These patents 
teach that DLC (diamond-like cartxxi) will not adhere to sublayers containing fluorine and that the material of the layer 
immediately adjacent to the DLC coating must bo a substantially optteaify transparent material devokJ of alkali metal 
atoms and fluorine. Previous work (e.g., National Bureau of Standards Spec. Pub. 638 (1981) and Proceedings of the 
DARPA Workshop on DLC Coalings (1 982)) discusses the adheskx) of DLC to fluoride materials for primarily Infrared 

35 applications. The literature also discusses the use of fluorine additions or dopants to enhance the electronk: properties 
of metal oxide films, but does not focus on their optk^ characteristics, or other material properties such as hardness, 
adhesion to other materials, or film degradation. 

2. Exemplary OCLI Abrasion Resistant Glass Window 

40 

Optical Coating Laboratory, Inc. prevbusly developed a coated glass wear resistant window that exhibits durability 
approximating that of sapphire, and is less costly. The wear resistant window comprises two layers coated onto the 
exposed surface of a strengthened, i.e., tempered c^lass window or base. The first layer deposited on the glass is a 
relatively thick or massive silicon oxynitride (sloj^Ny) layer prepared by reactive sputtering of silicon in the presence of 

4S a gas containing oxygen and nitrogen. The slficon oxynitride layer is approximately five mnrometers (50.000 Ang- 
stroms) thek. The proportions of oxygen and nitrogen are adjusted during depositnn to provkle a suitable balance of 
stress, adhesion, hardness and transparency. The second or top layer is diamond-like cartxxi (DLC) w hich is approx- 
imately 200 Angstroms (0.02 mfcrometers) thick. T!ie massive sifcon oxynitrkje 'hardcoat' layer imparts a high level 
of hardness or impact resistance to the window composite, while the DLC overcoating or overiayer contributes tow 

so f rbtkxi or lubrblty/lubrictousness. 

3. Properties of Abrasion Resistant Glass Wndow (Window + Hardcoat -i- DLC Overcoat (RGURE 3)) 

The family 31 of cuwes. FIGURE 3. depicts the measured spectral transmittance of five non-fluorine-containing 
ss windows of the type described above. The data for these windows are the first five entries in Table 1 . All windows meet 
or exceed the minimum acceptable 78% average transmittance for the 600-700 nanometers range. In spite of its small 
thickness, the DLC layer is quite absorbing and lowers the transmittance of the abrasion resistant window from that of 
the hardcoat itself. As with the hardcoat layer, the optical performance of the DLC is a consequence of optimized 
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mechanical properties. Deposition process parameter variations that result in increased transparency (lower absorp- 
tion) diminish the critical mechanical properties ot stress, adhesion and friction or lubricity. 

The measured values for fifteen production samples (including those from FIGURE 3) are listed in Table 1. The 
data in the last column (average transmittance over the 600-700 nanometers wavelength range) is also shown in the 
s family 41 of data depicted in FIGURE 4. 



Table 1: 
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25 



30 



Measured TVansmlttancefor 1 5 Abrasion Resistant Glass Production Samples 


Sample number 


Measured Transmittance (percent) 


400nm 


632nm 


Avg 600-700nm 


1 


56.78% 


78.11% 


79.02% 


2 


57.39 


60.52 


79.42 


3 


56.56 


79.30 


79.30 


4 


56.01 


79.21 


79.21 


5 


56.95 


79.17 


79.17 


6 


56.89 


79.36 


79.28 


7 


56.83 


78.21 


79.46 


8 


56.72 


80.10 


79.42 


9 


55.94 


76.97 


78.98 


10 


55.54 


77.79 


79.11 


11 


57.83 


80.54 


79.47 


12 


54.29 


80-08 


78.64 


13 


54.58 


77.75 


78.79 


14 


55.89 


78.46 


78.76 


15 


54.60 


76.87 


78.63 



35 In one aspect, the present invention resides in the discoveiy that fluorine can be incorporated in materials such 

as metal oxides, nitrides, or combinations or mixtures thereof, to modify optical properties such as reflectance and 
apparent refractive index and physical properties such as hardness and friction, based upon the proportion of the 
fluorine Incorporated in the material and the proportion of fluorine in the deposition mixture, contrary to conventlonal 
wisdom, without degrading the adhesion of cartx)n-containing or cartxxiaceous overlayers such as hard cartxxi. hy^ 

40 drogenated cartxxi, or diamond-like cartx)n. These fluorine-modified films can be used in nDany optical designs, in- 
cluding windows or wear resistant coating Tor laser scanner windows and ophthalmic applications. For example, laser 
scanner windows can be produced with properties similar to the assignee's above-described prevbus wear resistant 
glass window product, but with layers adjacent to the DLC that contain measurable amounts ot fluorine for modifying 
optical and physical properties. 

45 Furthermore, control of the depth and concentration of the fluorine dopant in the outer portion of the silicon oxyni- 

tride layer increases the transparency of the window for visible wavelengths. Thus, the controlled inclusion of fluorine 
in the region of the massive coating adjacent the thin outeriayer can be used to control and enhance both optical and 
physical properties without degrading adhesion. 

The fluorine-containing wear resistant window can be formed for example in reactive vacuum processes used for 

50 forming oxides, nitrides or mixed materials, by introducing a fluorine-containing gas or vapor to the process to incor- 
porate fluorine into the final coatings. The concentration of fluorine is controlled by adjusting the ratio of gases or 
varying other process conditions, thereby controlling fluorine-induced changes in optical and/or material properties. 
The resulting material can be coated with cartxxi-containing films such as DLC. 

In one particular aspect, the present Invention Is embodied in an Improved wear resistant window comprising: a 

55 transparent substrate of material selected from nraterials such as glass and silica; a relatively thick hardcoat layer 
comprising material selected from silicon oxide, silfcon nitride and silicon oxynitride, formed on the substrate; and a 
relatively thin carlxwi-containing overcoat layer formed on the hardcoat, the cartxxi-containing material selected from 
hard carixxi, hydrogenated cartxxi and diamond-like cartx>n. The hardcoat also comprises fluorine in a thin surface 
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region adjacent the overcoat for controlling optical and mechanical properties. 

The following Is a description of some specific embodiments of the invention reference being made to the accom- 
panying drawings, in which: 

FIGURE 1 depicts the measured spectral perfomnance in tenms of transmrttance (%T) as a function of wavelength 
5 in nanometers (nm) of both an uncoated glass window and a similar window covered with a non-fluorlne-containing 
massive coating. 

FIGURE 2 depicts the theoretical spectral transmittance of a glass window having a non-fluorine-containing mas- 
sive coating plotted against the index of refraction of the coating. 

FIGURE 3 depicts the measured spectral transmittance of Table I's first five windows (glass substrate - non^luorine- 
10 containing massive hardcoat + DLC overcoat) as a function of wavelength. 

FIGURE 4 depicts the average spectral transmittance In percent over 600-700nm for the 1 5 non-fluorine-contain Ing 
windows of Table 1. 

FIGURE 5 depicts the measured transmittance as a function of wavelength of a non-fluorine-containing hardcoat 
(glass substrate + hardcoat) on which was deposited by vacuum evaporation a layer of magnesium fluoride. 
15 FIGURE 6 depicts the measured transmittance as a function of wavelength of a 5-micrometer thick hardcoat layer 

in which fluorine is present In approximately the last-deposited. 1000 Angstroms thick surface-adjacent region in ac- 
cordance with the present invention. 

FIGURE 7 depfcts the measured transmittance as a functton of wavelength of an improved wear resistant window 
comprising a fluorine-doped hardcoat layer and a DLC overcoat about 200 Angstroms thick In accordance with the 
20 present Inventbn (see FIGURE 6 for the transmittance performance of the hardcoat-covered window without the over- 
coat). 

FIGURE 8 is provided as a guide to the stmctures depicted In or analyzed in the other flgures. 
FIGURE 9 is a schematk: cross-section (not to scale) of a abrasfon resistant glass window, designated 90. in 
accordance with the present invention. Arrows 9-9 in FIGURE 8 indnate the structure therein which corresponds gen- 
2S erally to the structure of FIGURE 9. 

A. Overview of Wear Resistant Window Composite 

1. Composite Structure 

30 

As alluded to above, under continuous use (i.e., subjected to mechanical abrasion), minimum transmittance must 
be maintained for scanner windows to avoid misreads. Therefore, one must balance transparency and resistance to 
mechanical abrasion in the selectkxi of materials or coatings. This balance assures a fully functional product. One 
approach to achieving this balance is to combine had, durable coatings with tow friction overcoats. We have found that 

3S fluorine added to the hard, durable coating does not jeopardize adhesion of a carbonaceous overcoat (contrary to the 
teachings of US patents 5,135,808 and 5,268, 217) and Improves transmrttance by modifying (bwering) the effective 
refractive index of the coating design. 

FIGURE 9 depKts a preferred embodiment 90 (not to scale) of a wear resistant window in accordance with the 
present inventkxi. The window 90 comprises a substrate or window 92 of nr«terial such as glass, wh Ich preferably (and 

40 by way of illustration, not llmitatton) is transparent over the spectral range of interest, here about 600nm - 700nm. 
Illustrativety, but not by way of limitatkan, the window or substrate 92 may be about 5 - 6 millimeters thick. A massive 
layer or hardcoat 94 is formed on the window 92. The hardcoat 94 preferably comprises silicon oxynitrkJe. A very thin 
carbon-containing layer 96 of material such as DLC is formed on the hardcoat 94. Preferably, a thin surface adjacent 
region or layer 98 of the hardcoat 94 is doped with fluorine to enhance physical and optical properties of the composite 

45 90. Illustratively, the thwkness dimenskxis of (1 ) the relatively massive layer or hardcoat 94, (2) the relatively very thin 
carbon-containing overcoat 96 and (3) the relatively thin surface-adjacent regkxi 98 of the hardcoat where the fluorine 
is concentrated are, respectively, (1) 5 mfcrometers, (2) 200 Angstroms, and (3) 1000 - 2500 Angstroms. 

2. Hardness and Durabiilty of Window Containing Siiicon Oxynltrlda Hardcoat Layer 

so 

The apparent hardness of a thin film is affected by the hardness and the proximity of the substrate. Thus, although 
silicon nitrkJe is harder than glass, the hardness of silicon nitride coated glass depends on the thickness of the film. 
Films a few tens of Angstroms thck offer little increase In hardness whereas the hardness of filnrjs which are a few 
micrometers thick is similar to that of bulk silicon nitrkJe. Furthermore, the durability of silKon nitride coatings depends 
55 on adheskxi and stress, as well as hardness. Although the adheskxi and stress of reactively sputtered silicon nitrkJe 
films are dependent upon the film deposition processing parameters, the dependencies are rather weak and it is difficult, 
if not impossible, to prepare thfck, adherent layers of silkxxi nitride on glass with tow stress. However, the addition of 
a small amount of oxygen to the chamber during the deposition process, resulting In the formation of silicon oxynltrkJe 
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or oxygen-containing silicon nitride. Improves the stress and adhesion with only limited change in hardness, and thus 
Improves durability. 

As alluded to above, the hardcoat portion of the assignee's wear resistant window is S 5 micrometers thick. This 
thickness is preferred presently at least in part because it is understood to provkJe an optimum comblnaton of durability 
5 and hardness for the POS applicallon and because mechanical abraskxi resistance is decreased for thicknesses < 5 

mfcrometers. ^ ^. . . u 

Because macroscopfc hardness Is determined primarily by the massive hardcoat layer 94 and is relatively insen- 
sitive to the properties of the much thinne r PLC layer 96, hardness testing may be applied to the hardcoat layer before 
the DLC is added. Thus, hardcoat layers 94 5 micrometers thick formed on glass substrates 92 using the process 

10 described subsequently were tested using a Leco® M-400-G3 microhardness tester. In the test, a pyramid-shaped 
diamond point was pressed against the surface to be tested and the resulting indentation was measured to determine 
the surface hardness. Typically, the mfcrohardness values of uncoated glass and uncoated sapphire tested at a load 
of 25 grams are about 500 knoop and 2100 knoop, respectively The measured microhardness values of the silicon 
oxynitride hardcoat-coated windows were within the approximate range 800-1200 knoop. Although higher hardness 

IS values are desirable for wear resistance, they are associated with Increased stress, decreased adheskxi, and the onset 
of optical absorptton. Our initial production acceptance level was 850 knoop. Currently, we have an acceptance range 
of 1000 - 1200 kncop, I.e.. 1100 ±100 knoop. 



20 



3. Optical Characteristics of Window Containing Siileon OxynHride Hardcoat 
a. Interference Effects 



Besides the required mechanical properties of durability and hardness, the optfcal transmission of the hard coated 
window 90 must be high, preferably comparable to that of an uncoated glass or sapphire window. The hardcoat layer 
2S 94 is transparent, virtually free of absorptbn. However, because it has an index of refractbn that is different from the 
Index of refraction of glass, the reflection will be different from the reflection of uncoated glass. The optical thfckness 
of the hardcoat layer Is very much greater than a quarter of the wavelength of visible light and. therefore, the effect of 
Interference light reflected by the two surfaces of the hardcoat layer is minimal. 



30 b. Control of Index of Refraction 

The Index of refraction of silicon nitride is about 2.0 for visible light including laser wavelengths In the 600-650 
nanometers regkxi of the spectnim. The index of refractkxi of silicon oxkle over this portion of the spectral region is 
about 1.5. The index of refraction of silteon oxynitride Is Intemiediate the values for silicon nitrkJe and silicon oxide. 

35 and increases with the concentration of nitrogen. Silicon oxynitride films with optimum adhesion, stress and hardness 
have approximately equal average amounts of oxygen and nitrogen with average index of refractkxi in the range 1 .7-1 .9. 
The Index of refraction has subtle (intrinsic) variatkxis in each thickness range of about 100 Angstroms. Thus, the 
apprraclmately 5 mfcrometer thick hard coat layer has an average index of refraction about 1.8 with a slightly lower 
value in the Initial portion adjacent the glass substrate and slight (intrinsic) variatons with thickness or depth penods 

40 of approximately 1 00 Angstroms. 



e. TVansmlttance (FIGURE 1) 

FIGURE 1 depfcts the measured transmittance versus wavelength for (A) an uncoated glass window, curve 11, 
45 and (B) a similar window with a non-fluorine-containing hardcoat layer of the type described previously which is pre- 
pared by OCLI. curve 12. (Note that the abrasfon resistant glass product con»prises a glass substrate or window and 
two thin-fSim layers, a relatively thick hard coat and a relatively thin, lubricous DLC layer). The transmittance cunre 12 
of FIGURE 1 has three features: (1) overall shape of the uncoated glass curve with a gradual decrease at shorter 
wavelengths. (2) about 3% lower transmittance than uncoated glass in the 600-650 nanometers wavelength regbn. 
so and (3) a "fine slmcture" with cycle-lengths ranging up to about 20 nanometers and amplitudes ranging up to about 
1 .5%. The fine stnjcture of curve 12 is attributable to interference effects in combination with the slight variatkxra in 
index of refractbn described above. As expected, the wavelength locattons and amplitudes of the fine structure vary 
with locatbn of the measurement position on the window and between windows. Generally, this transmittance curve 
12 is typical of a massive layer off higher Index of refractbn on a glass window. 

55 
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d. Theoretical Transmlttonce Vs. Refractive Index of refraction for Glass Substrate and Hardcoat Composite 
(FIGURE 2) 

FIGURE 2. curve 21, depicts the theoretical relationship between the transmittance off a glass window with a 
5 massive coating versus the index of refraction of the coating. This figure expresses the equation 

(i-Rw)(i-Rwc)n-"c) 

where 

R^ = ((1-n^)/(1+n^))^ 



2S 



and 



f\c = (K-"c)("w-^c)) • 

FL, FL and FLe the reflectance values for the three interfaces, the index of refraction of the window, n^. being 
1 52 a^d the index of refraction of the coating, n,, being between 1.50 and 2.00. Comparing the measured transmit- 
tance of the hardcoat at 600 nanometers, FIGURE 1 . with FIGURE 2, verifies that the index of refraction of the hardcoat 
20 is approximately 1 .8. 

B. Reactor System and Process for Forming the Wear Resistant Window Composite 
1. Reactor System and Process Overview 

For purposes of our discussion, and except where noted, the type of vacuum reactive sputter deposition chamber 
presently used toform wear resistant window composites in accordance with, and which embody, the present invention, 
is similar to the vertical^linder processing chamber described in commonly assigned U.S. patent 4.851 .095 (which 
is hereby incorporated by reference), with the following differences. In the applicable embodiment disclosed in the -095 
30 patent the tar9et(s) used for deposition and the ion source devce(s) used for reading the deposited matenal are 
located in different, spaced-apart regions of the chamber, and deposition and reaction of the material are done sepa- 
rately in the spaced regions, u- ^ 
The present vacuum reactive sputter deposition system incorporates a gas inlet manifold (or manifolds) positioned 
adjacent the target (targets) for reacting with material sputtered from the target as that material is deposited onto 

35 substrates carried on a rotating vertical cylindrical racic 

Apreferred set-up usesadualc-Mag™ sputter deposition device, which is available from Airco Coating Technology 
and comprises two water-cooled, rotating, cylindrical sputter targets that are combined with permanent magnets and 
are configured to provide high rate sputtering of the cylindrical target surfaces. Aluminum-doped silicon cylindncal 
targets have been used to sputter deposit silicon. As with most metals, the reactivity of silicon with oxygen and with 
40 nitrogen differs significantly. In the presence of a plasma activated mixture of oxygen and nitrogen gases, the oxide 
tends toform more readily than the nitride. For that reason the surface of the silicon target tends to be partially covered 
with silicon oxide and the sputtered species includes both pure silicon and silicon oxide. 

In the presence of oxygen gas at low pressures, the sputtered silicon condenses on the substrate and reacts to 
form silicon oxide. When oxygen- and nitrogen-containing gases such as nitrogen, oxygen or nitrous oxide (NgO) are 
45 added to the sputtering environment, an oxygen-, nitrogen-, and silicon-containing film is formed. This film is here 
termed silicon oxynitride or oxygen-containing silicon nitride, although we have no knowledge that it consists of a 
specific compound. The film may be a specific compound, or may comprise a solid state mixture of several compounds 
of the three elements and/or may comprise various compounds of the three elements. The oxygen and nitrogen com- 
position of the resulting film may be varied in proportion to the concentration of oxygen and nitrogen in the sputter gas. 
so This composition control is termed "extrinsic" in that it results from changes in externally-controlled factors, such as 
computer-controlled or operator-controlled flow rates of the reactive gases. 

The sputter target is located on the inner perimeter of the chamber and subtends a small fraction of the circum- 
ference Therefore, when the rack is continuously rotated in the chamber the glass substrates spend a portion off each 
rotation cycle in the plasma^ctivated region m front of the target. In this plasma-activated region, both the intensity of 
ss the reactive gas plasma and the rate of the sputter deposition vary from weak to strong from the edge to the center of 
the 8putter4arget. As a consequence of these complex and imperfectly understood factors the composition of the mini- 
layer that is grown during each rotation of the substrate holder varies with depth. This is termed the "intrinsic" concen- 
tration variation because it is primarily a function of equipment and process factors that are not varied externally during 
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a single rotation of the substrate. The rotation speed and sputter target power are adjusted so that a layer of the silicon 
oxynltride approximately 100 Angstroms (0.01 micrometers) thick Is deposited during each rotation. The 5 micrometer 
think hardcoat layer thus comprises atxMJt 500 mini-layers. 

After the hardcoat is applied in the reactive sputter processing chamber described above, the windows are trans- 
5 ferred to an continuous in-line vacuum deposition machine where the DLC layer is applied by a plasma enhanced 
chemkal vapor deposition (PECVD) process. In the PECVD process, the window passes through an rf -excited plasma 
in a mixture of butane and hydrogen gasses. The plasma power and conveyer speeds are adjusted so that approxi- 
mately 200 Angstroms of DLC is deposited during this exposure. 

10 2. Optimizing Optical and Physical Propertlos of the Hardcoat 

As described above, the hardcoat layer is composed of silfcon, oxygen and nitrogen where the concentrattons of 
oxygen and nitrogen are adjusted primarily by the in-flow rates of gases to the process chamber and secondarily by 
the sequential exposures of the films during each rotation of the rack. The average or extrinsic concentration of the 

IS layer is determined by the in-flows of the reactive gases and the subtle intrinsc variatkxis that extend over the depth 
of each mini-layer are Inherent In the equipment and chok:e of the fixed process parameters. In practice, the rack 
rotation speed Is maintained constant and the sputter target power and composition and ratto of the gasses are adjusted 
in Increments or steps during the hardcoat layer deposition process. Typically, the f^OiNg in-flow ratio is set at about 
0 3 1 during the formation of approximately the first one-tenth of the hardcoat layer and is reduced to approximately 

20 0 2-1 during the remainder of the process of forming the 5 micrometer thick hardcoat. During the initial penod of elevated 
NjP in-flow, the sputter target power is increased from about 2.5 kw to 4 kw in seven equal steps . These parameters 
are chosen to provide hard, adherent, transparent films with low stress. 
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3. Fluorine-Doped Improvement of Wear Resistant Composite 



The transmittance of our abraskm resistant glass is limited by the reflectance of the non-absorbing hardcoat and 
the absorptkxi of the DLC layer. These factors act independently and It has not been possible to improve either factor 
by simple changes in deposition process parameters without degrading mechanical properties. That is. transmittance 
cannot be improved using process parameters without detracting from mechanical properties. However, a technkque 
30 has been discovered which reduces the reflectance of the hardcoat and. therefore. Increases transmittance. Specifi- 
cally when a small amount of fluorine gas is added to the nitrogen (Ng) and nitrous oxkJe (NgO) sputter gases (for 
exarnple by adding carbon telrafluoride (CF4)), fluorine is added to the deposited film, towering its index. More gen- 
erally In reactive vacuum processes whwh form oxkJes, nitrides or mixed materials, a fluorine-containmg gas or vapor 
can be added to the gas In the process chamber to incorporate fluorine Into the final coatings. The amount of fluorine 
35 which is added is controlled by adjusting the ratio of the gases or varying other process conditions. Changes In optical 
and/or material properties can be achieved by varying the fluorine content of the inlet gas flow. Carbonaceous films 
such as DLC can then be formed on the fluorine-containing surface-adjacent region of the oxkle-, nitrkJe- and silicon- 
containing coating. Fluorine-doped silicon oxynitride layers are stable, and unchanging over time under normal and 
elevated temperature conditkxis. I.e., the fluorine appears to be chemically combined in the silicon oxynitnde. This. 
40 despite the fact that the two fluoride compounds of silfcon (SigFe and Stf^ are gases under normal conditions, unlike 
oxide and nitride compounds of silicon. 

Fluorine doping of the hardcoat layer potentially lowers the index of refraction. However, as with oxygen doping, 
fluorine doping also reduces hardness somewhat. It has been discovered that the effects of fluorine doping can be 
made optimal, that Is, the beneficial effects such as lowering the index of refraction can be implemented and the 
4S deleterious effect of diminished hardness can be minimized, by adding the fluorine in a thin, last-deposited, surface- 
adjacent region or stratum of the hard coat layer so that this very thin, reduced index surface^adjacent regionacts 
similarly to a single-layer interference coating. Any small reduction in the hardness of the very thin fluorine-doped 
region is compensated by the much larger thickness of the non-fluorine-doped portion of the layer. 

so 4. Ruorlne-lnduced Reflection & Transmittance Improvement 



a. iMgF2 Layers (FIGURE 5) 

Indfcative of the potential of fluorine for improved transmittance of the hardcoat. cun/e 51 of FIGURE 5 depfcts the 
ss measured transmittance of a prior^rt, non-fluorine-containing hardcoat on which was deposited by vacuum evapora- 
tfon a layer of magnesium fluoride (MgFg) which had an index of refractfon of 1 .38 and a quarter-wave optical thickness 
(QWOT) of 600 nanometers. Such a layer effectively eliminates reflection between the hardcoat material and air: the 
theoretkjal value of the reflectance of the air/hardcoat interface was 0.0816 (8.16%) before the MgFg layer was added 
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and 0.00079 (0.08%) atter the addition. The estimated transmittance of the hardcoated window with the quarter-wave 
MgFg layer was 95%, about 1% higher than the measured value shown in FIGURE 5. FIGURE 5 demonstrates that 
the reduction of the reflection at the outermost surface of the hardcoat will substantially increase the transmittance of 
the abrasion resistant glass product. 

5 

b. -nansmittance of Fluorine-Containing Hardcoat Layer (FIG. 6) and DLC-Coated Composite (RG. 7) 

Unlike silicon oxynrtride, MgFg is not hard. In fact there Is no known low index of refraction material having sufficient 
hardness for use as a quarter-wave anti-reflection layer in this application. However, it has proven feasible to create 

JO a layer or stratum having effectivety a tow index of refraction by adding fluorine to a very thin outer surface-adjacent 
region of the silicon oxynitride hardcoat layer. Curve 61 of FIGURE 6 depicts the measured transmittance of a 5 mi- 
crometer thick hardcoat layer In which fluorine is present in approximately the last-deposited, 1000 Angstroms thick 
surface-adjacent region In accordance with the present inventfon. TTie transmittance of the resulting hardcoat layer 
over 600-650 nanometers Is only slightly lower than that of MgFg (curve 51. FIGURE 5) and is much higher than that 

IS of the original hardcoat (curve 1 2, FIGURE 1 ). FIGURE 7 depicts the measured transmittance of the improved wear 
resistant window product comprising the fluorine-doped hardcoat layer (shown in FIGURE 6) and a DLC coating about 
200 Angstroms thtek. Average transmittance is 80.92% over 600-650 nanometers, a substantial improvement over the 
productton values shown In FIGURES 3 and 4, and in TABLE 1 . 

20 c. Examples of Huorlne-Doped Optleal Composites 

Example 1. A batch (run) of thin films approximately 2200 A thick were fomied on glass substrates by reactive 
sputtering using a C-Mag™ aluminum-doped silcon sputter target and a gas mixture of 215 seem nitrogen, 35 seem 
NgO. and 12.5 seem CF4. The substrates were mounted on a rotatablo drum that traversed the front of the rotating C- 

2S MAG™ target twice during the deposition run (-1100 A/pass deposition rate). Extended RBS (Rutherford Backscat- 
tering Spectroscopy) analysis was used to measure the stofchiometry of the deposited films, and trace the atomic 
corxjentratfon gradients as afunctfon of coating depth. Average stofehiometric ratios for the components Si/Q/N/F were 
0.32/0.23/0.26/0.19, respectively (the relative concentrations of the constituent elements varied slightly as the sub- 
strates moved past the target). The fluorme content was clearly discemable. 

30 Example 2. A second batch (mn) of thin film samples about 2200 Athiek were formed using the process condittons 
of Example 1 except that a reduced GF4 flow of 5 seem was used. Again, extended RBS analysis was used to determine 
stoichtemetry and trace the atomk: coneentratk>n gradients as a function of coating thickness. In addition to the above 
elements, the analysis measured the aluminum incorporated in the film from the aluminum-doped Si target. The atomk: 
ratbs for Sl/Al/O/N/F were 0.32/0.025/0,29/0.28/0.085. Again, the fluorine content was cleariy measurable. 

35 Example 3. A sample from the run of Example 2 was subsequently coated with the above-described approximately 

200 A thick DLC coating during a production run of POS parts. RBS analysis of the composite coating clearly showed 
the carbonaceous coating, and traced the concentration gradients of the hardcoat from Example 2. RBS analysis of 
the interlayer stOKhkxnetry indicated the average composition of the interlayer in temns of the constituent elements Si/ 
Al/O/N/F was 0.32/0.025/0.29/0.28/0.083. This dhows that fluorine is easily detected In the hardcoat layer even after 

40 overcoating with the DLC film and is present at concentration levels comparable to those measured prior tothe formation 
of the DLC coating. (RBS error bars are ^ 0.005.) 

Example 4. A batch of thicker, POS-type interlayers was formed using the target described In the previous exam- 
ples. Nitrogen and nitrous oxide gases were used for reactive sputter deposition of the bulk of the interlayer. A 5 seem 
ftow of CF4 was added during the formatton of the last 2200 A. surface-adjacent portton of the hardcoat film, duplicating 

45 the parameters of Example 2. RBS analysis indteated a fluorine atomic concentration of 8% in this surface^djaeent 
portion of the film. This is comparable to the fluorine concentratton of the thin film coatings of Example 2. 

Example 5. Samples from Example 4 were overcoated with DLC during a POS production run. RBS analysis of 
a pyrolytk: carbon part coated in Example 4 and then overcoated with DLC during this production mn revealed a 
fluorine atomfc concentration of -8% in the interiayer portion of the hardcoat adjacent the DLC layer. The use of severe 

so adheston tests (e.g., scratching with a diamond stylus loaded to 0.71 lbs, extended humidity/temperature exposure; 
and boiling a diamondscratched part for five minutes, then mnning cold water over the heated surface) revealed that 
adheskxi of the overcoated example was as good as that of the standard POS product (without fluorine). Other optk»l 
and material properties (hardness, coefficient of frfction) were within standard POS specifications. 

Example 6. During the preparatkxi of thick, POS-type interlayers in a production environment. CF4 was added to 

55 the reactive sputtering gas mixture during depositkxi of the last -2000 A of the hardcoating, to form a fluorine-enriched 
interiayer. Interlayers prepared using different CF4 flow rales (0 seem (standard, non-fluorine-containing hardcoat) ; 
10 seem; 6 seem; and 4 seem) were accompanied by the microhardness, transmittance, and gtoss values in Table 2, 
below. Please note, the change in gloss readings relates to differences in the refractive index due to different stofchi- 
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ometries in the deposited film. 



Table 2: 



Effect of Fluorine on Selected Optical and Mechanical Properties 


Run# 


CF4 Gas Flow 


Microhardness Knoop 


%T (Avg, 600-700 nm) 


Gloss 


Std. 


none 


1100±50 


88-69 


147-151 


1 


lOsccm 


930 


92 


110 


2 


6 seem 


1020 


88.3 


144 


3 


4 seem 


1080 


88.1 


147 



Table 2 Illustrates that the use of a fluorine-containing gas or vapor to add fluorine to the interface region of the 
hardcoat affects the optical and material properties of the film, A limrting effect on %T was obsenwd because this 
IS fluorine-containing layer thickness (-2000 A) was not optimized for anti-reflectance (optical) properties. In contrast, 
Figure 6 shows considerably higher transmitlance (average ~92+%) for an optimized thickness of the fluorine-enriched 
layer. 

RBS analysis of thin layers made under the conditions of the last ~2000 A of Example 6 runs 2 and 3 using the 
production machine indicates these films averaged approximately 10.6 and 6.3 atomic percent fluorine, respectively 
20 TTie concentration variation differs from that observed using a pilot machine, and presumably is caused by the different 
process configuratwns of the two machines. In the Example 6 mns, the concentration of fluorine was tower when the 
fluorine-containing gas was first added, and increased with time during continued deposition. Final atomto concentra- 
tions for fluorine for the two films averaged above were 12.5% and 7.8 %. respectively. 

2S D. Summary of Certain Fluorine-Modified Optical and Physical Properties; Extension of the Invention 

The conventional wisdom, as represented by US patents 5. 1 35,808 and 5,268,21 7, is that overlayers such as hard 
carbon, hydrogenated carbon, or diamond-like carbon (DLC) will not adhere to layers which contain fluorine. The find- 
ings of the present discovery and Invention are to the contrary. Carbonaceous coatings such as DLC coatings adhere 

30 to layers that contain measurable amounts of fluorine in surface-adjacent regions. In addition, optical properties such 
as reflectance and apparent refractive index of retractkxi and physical attributes, such as hardness, friction, etc., of 
metal oxkJes and nitrides and films that combine these materials can be improved by incorporating fluorine, and can 
be varied by altering the fluorine content, at the surface-adjacent (DLC-adjacent) regions of such films. The fluorine- 
modified films can be used in many optical designs, including windows or wear resistant coatings for laser scanner 

55 windows and ophthalmic applicatbns. 

Those of usual skill in the art will readily apply the descriptton here to devise additional modlficatkxis embodiments 
of the invention whteh are within the scope of the appended claims. 



40 Claims 

1 . A wear-resistant window comprising: a transparent substrate; a relatively thick hardcoat layer fomned on the sub- 
strate; a relatively thin carbon-containing overcoat formed on the hardcoat; the hardcoat and overcoat provkllng 
high transparency for visible radiation, hardness, te)w friction and lubricity; and wherein the hardcoat further com- 

45 prises fluorine-doping in the surface region adjacent the thin overcoat controlling properties selected from optical 
and mechanical properties. 

2. The wear-resistant window of claim 1 , wherein the substrate comprises glass, the hardcoat layer comprises silicon 
oxynitride with sakJ fluorine-doping and the overcoat comprises dianrxxid-like caition. 

so 

3. The wear-resistant window of claim 1 , wherein the substrate comprises glass, the hardcoat layer comprises silicon 
oxynitride with sakJ fluorine-doping and is about 40,000-60,000 Angstroms thksk and the overcoat comprises dia- 
mond-like carbon and is about 100-300 Angstrorrre thick. 

55 4. The wear-resistant window of claim 1 . wherein the fluorine is formed in a surface adjacent region approximately 
1000-2000 Angstroms thick. 

5, A wear-resistant window comprising: a transparent substrate; a relatively thick hardcoat layer comprising material 
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selected from sflicon oxide, silicon nitride, silicon oxynitrldo, and combinations thereof formed on the substrate; a 
relatively thin carbon-containing overcoat formed on the hardcoat. the carbon-containing material selected from 
hard carbon, hydrogenated carbon and diamond-iike carbon; the hardcoat layer and the overcoat providing high 
transparency for visible radiation, hardness, low friction and lubricity; and wherein the hardcoat layer further com- 
prises fluorine-doping in the surface region adjacent the overcoat for controlling properties selected from optical 
and mechanical properties. 

The wear-resistant window of claim 5. wherein the substrate comprises glass, the hardcoat layer comprises silicon 
oxynitride with said fluorine-doping and the overcoat comprises diamond-like cait}on. 

■me wfear-resistant window of claim 5. wherein the substrate comprises glass, the hardcoat layer comprises silicon 
oxynltrkle with said fluorine-doping and is about 50,000 Angstroms thck and the overcoat comprises diamond- 
like carbon and Is about 200 Angstroms thtek. 

The wear-resistant window of claim 5, wherein said fluorine doping Is concentrated In a surface adjacent regkxi 
approximately 1000-2000 Angstroms thick of said overcoat layer. 
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